All relevant data are within the paper and its Supporting Information files. DNA sequence data are deposited at the EBI ENA SRA database under the project number PRJEB31027.

Introduction {#sec001}
============

For sustainable intensification of crop production, disease control should, when possible, be achieved using genetics rather than using costly recurrent chemical sprays. Wild relatives of crop plants are a good source of genes for disease resistance. Potato (*Solanum tuberosum*), the world's fourth most important food crop, following maize, wheat and rice, can be crossed with a number of wild *Solanum* species. Nevertheless, classical breeding for resistance is time-consuming, and it is extremely difficult to recover the parental combination necessary for beneficial alleles in the progeny. Thus, there is great value in genetic approaches that can improve disease resistance in potato varieties without disrupting favourable combinations of alleles \[[@pone.0224534.ref001]\].

One of the major factors adversely affecting potato production worldwide is virus infection. Viruses such as *Potato leafroll virus* (PLRV) and *Potato virus Y* (PVY) can affect yield substantially, with up to 80% losses, while viruses producing mild or latent symptoms, such as *Potato virus X* (PVX) and *Potato virus S* (PVS), show yield losses of at most 10 to 20% \[[@pone.0224534.ref002]\]. Host plants can exhibit compatible or incompatible interactions with a virus. In a compatible interaction, potato plants can be either tolerant, accumulating high titres of the virus without symptoms, or sensitive, responding to viral infection with development of disease. In an incompatible interaction, the plants respond to viral infection with a hypersensitive reaction (HR) or an extreme resistance (ER) response. The HR is accompanied by programmed cell death and restricts virus multiplication and spreading. It manifests as necrotic lesions on inoculated leaves and leads to the induction of systemic acquired resistance. The HR is strain-specific and affected by environmental factors (e.g. heat), whereas ER acts against a broad spectrum of virus strains by limiting their accumulation, and only a few or no visible symptoms appear \[[@pone.0224534.ref003]\]. In potato, HR correlates with the presence of *N* genes, while ER is manifested by *R* genes \[[@pone.0224534.ref004]\].

Although a relatively large number of virus-resistance genes have been mapped to various chromosomes in potato \[[@pone.0224534.ref005]\], only a very few of them were isolated and characterised at the DNA sequence level. The first one was the dominant gene *Rx1*, controlling ER to PVX, followed by *Rx2*. Despite their different origins (*S*. *andigena* and *S*. *acaule*) and chromosomal locations (XII and V), *Rx1* and *Rx2* share 95% sequence identity \[[@pone.0224534.ref006]--[@pone.0224534.ref008]\]. At the chromosome XII *Rx1* locus, there are at least three homologues of *Rx1* and the potato cyst nematode-resistance gene *Gpa2*, which is highly similar to *Rx1* \[[@pone.0224534.ref009]\]. Rx was identified as a protein with a conserved nucleotide binding site and a leucine-rich repeat (NBS-LRR or, shortly, NLR) belonging to the largest class of plant R proteins that can mediate both HR and ER responses \[[@pone.0224534.ref010]\].

ER against PVY is conferred by *Ry* genes. As early as 1970, five *Ry* genes had been described \[[@pone.0224534.ref011]\], and three *Ry* genes have already been mapped on potato chromosomes. One of them originates from the wild species *S*. *tuberosum* ssp. *andigena* (*Ry*~*adg*~) and was mapped on chromosome XI \[[@pone.0224534.ref012]\]. Another one, derived from *S*. *chacoense* (*Ry*~*chc*~), is located on chromosome IX \[[@pone.0224534.ref013]\], while the third one, derived from *S*. *stoloniferum* (*Ry*~*sto*~), was mapped to chromosome XII \[[@pone.0224534.ref014]--[@pone.0224534.ref016]\]. A gene, designated *Y-1*, co-segregating with *Ry*~*adg*~, was cloned and found to be structurally similar to gene *N* that confers HR to *Tobacco mosaic virus* (TMV) in *Nicotiana* spp. and belongs to the Toll-interleukin-1 receptor (*TIR*)*-type NLR* genes \[[@pone.0224534.ref017]\]. A *Ry* gene similar to *Y-1* was isolated from the Korean potato cultivar 'Golden Valley' and introduced into the 'Winter Valley' cultivar which is susceptible to PVY° infection. The transgenic 'Winter Valley' showed resistance to PVY° infection \[[@pone.0224534.ref018]\]. In contrast, leaves of transgenic potato plants expressing *Y-1* under the control of the *CaMV-35S* promoter developed necrotic lesions upon infection with PVY, but no significant resistance was observed, and plants were systemically infected with the virus \[[@pone.0224534.ref017]\].

Both the environment and evolution modulate viral pathogenesis in plants and *R* genes are in many cases overcome by resistance-breaking strains \[[@pone.0224534.ref019],[@pone.0224534.ref020]\]. *Ry*~*sto*~ was introgressed into *S*. *tuberosum* almost 60 years ago, and various European potato cultivars currently bear *Ry*~*sto*~ \[[@pone.0224534.ref021]\]. *Ry*~*sto*~ was also introduced into *S*. *tuberosum* at the Potato Research Centre, Keszthely, Hungary. There has been no indication so far that even the most aggressive PVY strain, NTN, could overcome the ER of *Ry*~*sto*~-bearing potato cultivars \[[@pone.0224534.ref022]\], including the Hungarian cv. 'White Lady' \[[@pone.0224534.ref023]\]. This phenomenon of unusually durable resistance of *Ry*~*sto*~-bearing potatoes prompted us to map *Ry*~*sto*~ on a fine scale and characterise the *Ry*~*sto*~ locus at the DNA sequence level.

Materials and methods {#sec002}
=====================

Plant materials and growth conditions {#sec003}
-------------------------------------

Four hundred fifty-seven genotypes of the tetraploid F1 population described by \[[@pone.0224534.ref023]\] from a cross between cv. 'White Lady' and 'S440' were tested for segregation of the *Ry*~*sto*~ gene. The parents and 81 hybrids were obtained from the Potato Research Centre, Keszthely, Hungary, as *in vitro* plants, while the others were grown from seeds. Seed surfaces were disinfected with 20% sodium hypochlorite for 10 min and rinsed with sterile water three times. Seeds were germinated on 1% water-agar Petri plates and placed into 35-ml tubes containing 7 ml RM medium (MS medium without vitamins) \[[@pone.0224534.ref024]\] containing 2% (w/v) sucrose, solidified with 0.8% agar. Tubes were closed with paper plugs. *In vitro* culturing was performed at 24°C under a light regime of 16 h of light at 75 μmol m^-2^ s^-1^ intensity and 8 h of darkness. Propagation of the plants was carried out *in vitro*.

Potato transformation {#sec004}
---------------------

For transformation, the potato cv. 'Désirée' was propagated *in vitro* in 500-ml jars in MS medium \[[@pone.0224534.ref024]\] containing 2% (w/v) sucrose and solidified with 0.8% agar (5 plants/jar). The recombinant vectors from *Escherichia coli* were introduced into *Agrobacterium tumefaciens* strain C58C1 containing pGV2260 \[[@pone.0224534.ref025]\] by triparental mating \[[@pone.0224534.ref026]\]. Transgenic 'Désirée' lines were generated by leaf transformation according to \[[@pone.0224534.ref027]\], with 50 μg ml^-1^ kanamycin added to the selection media.

In the case of the potato breeding line 'S440', tissue culture-derived sterile microtubers were used for transformation as described by \[[@pone.0224534.ref028]\] with the exception that the shoots were regenerated and rooted in the presence of 50 μg ml^-1^ kanamycin in the media. Total DNA of putative transgenic plants grown in tissue culture was isolated by the method of \[[@pone.0224534.ref029]\] and the presence of target genes was verified by PCR using Dream Taq DNA Polymerase (Thermo Fisher Scientific, Waltham, MA, USA) and the gene-specific primers listed in [S1 Table](#pone.0224534.s001){ref-type="supplementary-material"} with the exception of T2 lines for which a reverse transcription polymerase chain reaction (RT-PCR) was applied as detailed below. PCR-positive transgenic lines from each transformation were propagated *in vitro* and transferred to pots for virus resistance testing.

Virus resistance testing {#sec005}
------------------------

For virus tests, four-week-old plants obtained by tissue culture in tubes were transferred into pots and grown further under greenhouse conditions at 20--28°C. After 2--3 weeks, the plants were tested for resistance to PVY^NTN^ by mechanical inoculation. PVY^NTN^ (DSMZ-Deutsche Sammlung von Microorganismen und Zellkulturen GmbH, virus isolate PV-0403) was propagated in *Nicotiana tabacum* cv. Xanthi. Two bottom leaves of potato plants were dusted with carborundum powder, and 100 μl of sap prepared from PVY^NTN^-infected tobacco plant leaves was dropped and dispersed with a micropipette tip onto each leaf. The sap was rubbed into the leaves using a pestle. Non-inoculated upper leaf samples were collected three weeks after inoculation. Detection of the virus was performed by RT-PCR. Total RNA was extracted from leaves according to the method of \[[@pone.0224534.ref030]\]. RNA was quantified using a NanoDrop spectrophotometer. DNaseI-treated total RNA (1 μg) was reverse-transcribed with RevertAid M-MuLV Reverse Transcriptase and 10xRT Random Primer (Applied Biosystems, Foster City, CA, USA). The cDNAs obtained with the PVY^NTN^ coat protein gene-specific primers ([S1 Table](#pone.0224534.s001){ref-type="supplementary-material"}) were tested on agarose gel. Hybrids of the F1 population, which appeared initially resistant, were re-tested twice in subsequent experiments. Transgenic 'Désirée' and 'S440' lines were tested for virus resistance in the same way using three plants per line in each experiment.

Cloning and sequencing of genetic markers {#sec006}
-----------------------------------------

Cernák et al. \[[@pone.0224534.ref031]\] developed RAPD markers linked to the *Ry*~*sto*~ gene. The closest RAPD marker amplified from 'White Lady' genomic DNA was cloned into the pBluescript SK(+) (Stratagene, La Jolla, CA, USA) and sequenced on an ABI 3100 Genetic Analyser instrument (Biomi Ltd., Gödöllő, Hungary). The SCAR marker ST1 \[[@pone.0224534.ref032]\] is based on this sequence ([S1 Fig](#pone.0224534.s002){ref-type="supplementary-material"}). The YES3-3A marker \[[@pone.0224534.ref033]\] was also amplified from 'White Lady', cloned in pGEM-T Easy (Promega, Madison, WI, USA) and sequenced at Biomi Ltd. ([S2 Fig](#pone.0224534.s003){ref-type="supplementary-material"}).

Bacterial Artificial Chromosome (BAC) library construction and screening {#sec007}
------------------------------------------------------------------------

The BAC library was produced from 'White Lady' genomic DNA after partial digestion with *Hind*III in pIndigoBAC-5 at BIO S&T (Montreal, Canada). The total number of clones was 251,160 with an average insert size of 150 Kb. A PCR-based strategy was applied for the identification of BAC clones overlapping the *Ry*~*sto*~ locus. The *Escherichia coli* DH10B carrying the BAC clones in SOC medium \[[@pone.0224534.ref034]\] supplemented with 12.5 μg ml^-1^ chloramphenicol and 15% glycerol was diluted and divided into 868 x 96 subpools containing approximately 10 individuals each and grown at 37°C in microtiter plates before storage at -80°C. To prepare BAC DNA pools, 124 plates were organised into a composite 3 x 8 grid containing 8 columns and 6 rows. Plasmid DNA was isolated from the 48 pooled samples by the alkaline-lysis method \[[@pone.0224534.ref034]\] and used as a template for PCR screening of the library. In the case of a positive result, pooled DNA was isolated from the three determined plates and then from the single identified plate. Finally, DNA was prepared and PCR-tested from individual wells. Bacteria of the positive well were plated out and tested individually. PCR primers were designed using Primer3Plus (<http://www.bioinformatics.nl/cgi-bin/primer3plus/primer3plus.cgi/>) and/or Primer-Blast NCBI (<http://www.ncbi.nlm.nih.gov/tools/primer-blast/>). After PCR, the products were analysed in an agarose gel.

Sequencing and bioinformatics analysis of BAC clones {#sec008}
----------------------------------------------------

BAC clone DNA was isolated using a Large-Construct Kit (Qiagen, Hilden, Germany). Fragmentation, library production and Illumina MiSeq 2x300 bp sequencing were carried out at the Genomic Medicine and Bioinformatic Core Facility at the University of Debrecen, Hungary. Contig assembly was performed by the A5-miseq pipeline \[[@pone.0224534.ref035]\]. The raw sequence reads are deposited at the EBI ENA SRA database under the project number PRJEB31027. Publicly available sequence files and other data of potato *S*. *tuberosum* Group Phureja DM1-3 516R44 originally generated by the Potato Genome Sequencing Consortium \[[@pone.0224534.ref036]\] were obtained from the Solanaceae Genomics Resource <http://solanaceae.plantbiology.msu.edu/pgsc_download.shtml>. BAC reads were aligned into the reference genome Phureja using the BWA-MEM program \[[@pone.0224534.ref037]\]. Multiple sequence alignments were carried out by BLASTn (<https://blast.ncbi.nlm.nih.gov/>) and Clustal Omega (<https://www.ebi.ac.uk/Tools/msa/clustalo/>). The predictions of open reading frames and exon-intron boundaries were based on the GENSCAN webserver at MIT (<http://genes.mit.edu/GENSCAN.html>).

Cloning of candidate genes {#sec009}
--------------------------

Cloning of candidate genes was based on PCR using the primers listed in [S1 Table](#pone.0224534.s001){ref-type="supplementary-material"}. Long-range PCR amplifications were performed using Phusion High-Fidelity DNA Polymerase (Thermo Fisher Scientific, Waltham, MA, USA). The *DisRes* fragment was cloned into the *Sma*I site of the binary vector pBin19, providing kanamycin resistance in transgenic plants \[[@pone.0224534.ref038]\]. In all other cases, the PCR primers were extended at the ends with recognition sites for *Bam*HI and inserted into the *Bam*HI site of pBin19. The recombinant vectors were transformed into the *Escherichia coli* strain DH5α \[[@pone.0224534.ref039]\].

Results {#sec010}
=======

Fine-scale genetic mapping of the *Ry*~*sto*~ gene {#sec011}
--------------------------------------------------

According to the previous result obtained by \[[@pone.0224534.ref031]\], the tetraploid potato cultivar 'White Lady' carries the *Ry*~*sto*~ gene in simplex form. In this study, among the 457 tested F1 genotypes derived from a cross between 'White Lady' and 'S440', 220 resistant plants and 237 plants sensitive to PVY^NTN^ infection were identified. The segregation ratio of 1:1 confirmed the presence of a single, dominant gene for extreme resistance to PVY^NTN^ in simplex state in the tetraploid parental variety 'White Lady'.

Molecular markers co-segregating with *Ry*~*sto*,~ e.g., STM0003, YES3-3A, Cat-in2 and ST1, were identified earlier \[[@pone.0224534.ref016],[@pone.0224534.ref031]--[@pone.0224534.ref033],[@pone.0224534.ref040]\]. The closest markers to *Ry*~*sto*~ in the genetic map of 'White Lady' were STM0003 and ST1 in a distance of 2.95 and 0.53 cM, respectively \[[@pone.0224534.ref031]\]. Since STM0003 seemed to be too far from *Ry*~*sto*~ to start chromosome walking towards the resistance gene a fine mapping was carried out by testing the co-inheritance of the above listed four molecular markers with the virus resistant/sensitive phenotype in 400 genotypes derived from the 'White Lady' x 'S440' cross. Seven recombinants between STM0003 and Cat-in2 were identified. Thus, the genetic distance between the two markers was estimated to be 1.75 cM. STM0003 at the proximal site and Cat-in2 at the distal site surrounded the *Ry*~*sto*~ gene. Based on the recombinant events detected in the seven recombinants ([Fig 1](#pone.0224534.g001){ref-type="fig"}), the order of the four markers, STM0003, YES3-3A, ST1 and Cat-in2, was established as shown in [Fig 2](#pone.0224534.g002){ref-type="fig"}.

![Colourmap of the *Ry*~*sto*~ region.\
R, resistant; S, sensitive. The presence of markers representing the resistant parent 'White Lady' are indicated by red boxes, while the presence of markers representing the sensitive parent 'S440' are indicated by green boxes in seven genotypes of the F1 population. Published markers are red-coloured.](pone.0224534.g001){#pone.0224534.g001}

![Position of the *Ry*~*sto*~ locus on chromosome XII.\
The genetic distance in cM is shown on the right. The map distances for STM0003, SGN-U256066, YES3-3A, 1.365, Sec15, CadInd and Cat-in2 were calculated from recombination frequencies between DNA markers and resistance loci, whereas localisation of 1.156, DisRes, 1.110, ST1, and 1.109 were based on the Phureja genome sequence. Published markers are red-coloured.](pone.0224534.g002){#pone.0224534.g002}

Identification of supercontigs carrying the *Ry*~*sto*~ locus {#sec012}
-------------------------------------------------------------

The availability of the *S*. *tuberosum* Group Phureja genome sequence (Potato Genome Sequencing Consortium 2011) provided the possibility for physical mapping of the *Ry*~*sto*~ locus. Browsing the PGSC database, we found the STM0003 marker on the supercontig PGSC0003DMB000000114. To position additional markers of the *Ry*~*sto*~ locus on supercontigs, the ST1 and YES3-3A PCR fragments of 'White Lady' were cloned and sequenced ([S1](#pone.0224534.s002){ref-type="supplementary-material"} and [S2](#pone.0224534.s003){ref-type="supplementary-material"} Figs). DNA sequence comparison localised YES3-3A to the same supercontig as STM0003, while ST1 identified PGSC0003DMB000000034.

The tomato (*S*. *lycopersicum*) genome sequence was also available in the database \[[@pone.0224534.ref041]\], and we found that a large number of markers were localised to the tomato region orthologous to the identified potato supercontigs. Based on these tomato markers, 16 primer pairs were synthesised and tested; however, only one of them, designated SGN-U256066, showed polymorphism between 'White Lady' and 'S440'. This marker was located between STM0003 and YES3A (Figs [1](#pone.0224534.g001){ref-type="fig"} and [2](#pone.0224534.g002){ref-type="fig"}).

Isolation of BAC clones overlapping the *Ry*~*sto*~ locus {#sec013}
---------------------------------------------------------

A BAC library was constructed from the genomic DNA of 'White Lady'. Physical mapping started with screening the BAC library using the ST1 marker by which five positive BACs were identified ([Fig 3](#pone.0224534.g003){ref-type="fig"}). In a subsequent experiment, YES3-3A identified one BAC clone ([Fig 3](#pone.0224534.g003){ref-type="fig"}). The ends of the six positive BACs were sequenced. Sequences were mapped to the *S*. *tuberosum* Group Phureja genome sequence. The comparison localised the *Ry*~*sto*~ locus to the 57--59 Mb segment of chromosome XII in Phureja. The obtained sequences were used for new marker development. A screen for markers in the intergenic regions successfully identified a polymorphic marker designated 1.365. Genetic mapping of 1.365 reduced the size of the *Ry*~*sto*~ locus and localised *Ry*~*sto*~ between Cat-in2 and 1.365 (Figs [1](#pone.0224534.g001){ref-type="fig"}, [2](#pone.0224534.g002){ref-type="fig"} and [3](#pone.0224534.g003){ref-type="fig"}). To close the genetic window, further PCR primers were designed based on the Phureja genome sequence and tested for polymorphism between 'White Lady' and 'S440'. Three new markers were found in this way: CadInd, Sec15 and DisRes. Testing the six lines bearing recombination between Cat-in2 and 1.365 with the new markers, the *Ry*~*sto*~ locus could be narrowed to the Sec15-1.365 fragment between 58 and 59 Mb (Figs [1](#pone.0224534.g001){ref-type="fig"}, [2](#pone.0224534.g002){ref-type="fig"} and [3](#pone.0224534.g003){ref-type="fig"}). BAC walking was continued with Sec15, DisRes and 1.365 markers and resulted in the isolation of five new clones, two by DisRes and three by 1.365 ([Fig 3](#pone.0224534.g003){ref-type="fig"}). No BACs were isolated by Sec15 in the 48 pooled samples tested. To close the gap between the isolated BAC clones, an attempt was made to identify new polymorphic markers based on the end sequences of BAC inserts. This attempt resulted in the identification of markers 1.109, 1.110 and 1.156 (Figs [1](#pone.0224534.g001){ref-type="fig"} and [2](#pone.0224534.g002){ref-type="fig"}). In comparison to the Phureja genome sequence, isolation of one BAC clone by 1.109 and another clone by 1.110 closed the gap between the BACs overlapping the *Ry*~*sto*~ locus ([Fig 3](#pone.0224534.g003){ref-type="fig"}).

![Physical map of the *Ry*~*sto*~ locus with the overlapping BAC clones.\
The *Ry*~*sto*~ locus in the *S*. *tuberosum* cv. 'White Lady' corresponds to the 58-59-Mb region on chromosome XII in the genome-sequenced *S*. *tuberosum* Group Phureja DM1-3 516R44. This region of Phureja has sequence gaps probably due to its highly repetitive nature. Markers used for genetic mapping and isolation of BAC clones are indicated under the upper line illustrating the chromosomal fragment. BAC clones are represented by the horizontal lines with their names on them. The published markers and the fully sequenced BAC clones are highlighted in red. The numbers under the lines indicate the position of the BAC ends on the corresponding Phureja genome sequence. The position of BAC ends indicated by dashed lines could not be defined precisely because these segments possess a large number of repeated sequences.](pone.0224534.g003){#pone.0224534.g003}

Selection of candidate genes by DNA sequence similarity {#sec014}
-------------------------------------------------------

Six presumably overlapping BAC clones, namely, 443B9, 109D9, 154G1, 164H4, 156F6 and 626B1 ([Fig 3](#pone.0224534.g003){ref-type="fig"}), were sequenced. The reads were *de novo* assembled both pooled and individually by the A5-miseq pipeline. The pooled BAC reads gave 49 contigs, which were greater than 3 Kb. The sum length of these contigs was 0.97 Mb out of which 0.38 Mb could be aligned to the \~1 Mb region of Phureja corresponding to the *Ry*~*sto*~ locus in 'White Lady' ([S3 Fig](#pone.0224534.s004){ref-type="supplementary-material"}), while 243 Kb mostly repetitive sequences were mapped to other regions of the Phureja genome. Interestingly, 313 Kb did not map at all to the Phureja reference genome.

Sequences of 13 out of the 16 *Ry*~*sto*~ locus-specific primers co-segregating with the *Ry*~*sto*~-provided extreme PVY^NTN^ resistance ([Fig 1](#pone.0224534.g001){ref-type="fig"}) possessed 100% identity with the corresponding BAC clone sequences and only 1--2 bp difference was detected in the case of the other three primers ([S5 Fig](#pone.0224534.s006){ref-type="supplementary-material"}) indicating that all six BAC clones were originated from the *Ry*~sto~-bearing chromosome.

The end regions between the six sequenced BAC clones were examined pair-wise. As expected, the 443B9, 109D9 and 154G1 BAC clones showed 100% identity in the overlapping regions. Unfortunately, the overlapping region between the 154G1 and 164H4 BAC clones was restricted only to 8 bp including a *Hind*III site, which served as the cloning site during generation of the BAC library. In order to demonstrate the adjacent position of the two BAC clones a primer pair complementary to the corresponding ends of 154G1 and 164H4 was designed and used in PCR with 'White Lady' genomic DNA as a template. The reaction resulted in an approximately 0.45 kb PCR product as it was visualised on an agarose gel. The PCR product was cloned and Sanger-sequenced. Clones representing all four chromosomes were obtained with no additional sequences compared to the 8-bp overlap between 154G1 and 164G1 ([S4 Fig](#pone.0224534.s005){ref-type="supplementary-material"}) indicating that 154G1 and 164H4 represent a continuous fragment of the *Ry*~*sto*~ locus. On the other side, the end of the 164H4 BAC clone showed 100% identity with the overlapping 156F6 contigs. The 156F6 BAC clone, however, did not overlap with the 626B1 contigs. Although, the BWA-MEM alignment showed high similarity between the two BAC ends ([S3 Fig](#pone.0224534.s004){ref-type="supplementary-material"}), the NCBI BLAST revealed that the similarity was due to the presence of *NLR* homologous sequences of truncated genes on the tested scaffolds, while their very ends were different.

Based on DNA sequence comparison to the annotated Phureja genome and searches in the NCBI database, eight genes were assigned to the *NLR* family. Seven *NLR* genes were located on the BAC clone 156F6 and one on 626B1. *NLR* genes can be divided into two subclasses: one includes genes whose proteins contain a coiled-coil (CC) motif at their N-terminus, and the other includes genes whose proteins resemble the Toll-interleukin receptor (TIR) domain at the N-terminus \[[@pone.0224534.ref010]\]. One out of the eight *NLR* genes that we identified was a *CC-type* disease resistance gene encoding a protein 97% identical to the predicted disease resistance RPP8-like protein 2 of potato ([S6 Fig](#pone.0224534.s007){ref-type="supplementary-material"}). Since this gene carried the DisRes marker we kept the name *DisRes* for the *RPP8*-like gene located on BAC clone 156F6. The other seven putative resistance genes belonged to the *TIR-type NLR* genes. These included four genes encoding proteins similar to the phloem protein A5-like. Nevertheless, one out of the four genes that we identified (*Phloem3*) may not be functional because it encodes an N-terminal-truncated protein and involves four stop codons. The other three genes, *Phloem 1*, *2* and *4*, encoded 77--87% identical proteins ([S7 Fig](#pone.0224534.s008){ref-type="supplementary-material"}). The other three *TIR-type NLR* genes were similar to the *N*-like *TMV resistance* gene isolated from tobacco ([S8 Fig](#pone.0224534.s009){ref-type="supplementary-material"}). Thus, these genes were designated *TMV1*, *TMV2* and *TMV3*. The predicted proteins TMV2 and TMV3 possessed 80% identity at the amino acid sequence level. *TMV1*, however, similar to *Phloem3*, may not be functional because it encodes an N-terminal-truncated protein ([S8 Fig](#pone.0224534.s009){ref-type="supplementary-material"}).

Vidal et al. \[[@pone.0224534.ref017]\] cloned and characterised *Y-1* that co-segregated with *Ry*~*adg*~, a gene for ER to PVY on chromosome XI and found it also structurally similar to the *N*-like *TMV resistance* gene isolated from tobacco. Therefore, we tested the similarities between *Y-1* and the *TMV*s isolated from 'White Lady'. The highest identity, 42%, was detected between Y-1 and TMV2 ([S9 Fig](#pone.0224534.s010){ref-type="supplementary-material"}). Recently, Grech-Baran et al. \[[@pone.0224534.ref042]\] published the genomic sequence of a *TIR-NLR* immune receptor identified as *Ry*~*sto*~ in a dihaploid clone of the cultivar "Alicja", which has PVY resistance also from *S*. *stoloniferum* in its ancestry. Comparison of the two genomic sequences from the putative start and stop codons of the genes revealed 95% identity between *TMV2* and *Ry*~*sto*~ ([S10 Fig](#pone.0224534.s011){ref-type="supplementary-material"}).

Cloning and functional testing of *Ry*~*sto*~ candidates {#sec015}
--------------------------------------------------------

The putative resistance genes were subcloned from the BAC clone 156F6 into the binary vector pBin19 for *Agrobacterium*-mediated transformation of the PVY susceptible potato cultivars 'Désirée' and 'S440'. Six genes of interest with 0.4--1.9 kb untranslated 5' regions were PCR-amplified with a high fidelity DNA polymerase and inserted into pBin19. *TMV2*, *TMV3* and *DisRes* were cloned separately, resulting in the constructs T2, T3 and DR, while *Phloem* genes were cloned in pairs, resulting in the constructs P1-2 and P3-4 ([Fig 4](#pone.0224534.g004){ref-type="fig"}).

![Schematic representation of the putative *NLR* resistance genes on the BAC clone 156F6 and the constructs used for transformation with the number of transgenic lines tested for virus resistance.\
Red arrows indicate the coding regions of the genes with introns and their direction of transcription. Green lines represent the non-coding regions. The genomic fragments were cloned in the binary vector pBIN19 and transformed into the PVY-sensitive potato cultivar 'Désirée' and 'S440'. The size of the cloned fragments in bp was calculated from the 156F6 BAC clone sequence and is indicated above the red arrows and green lines. Symbols: P, *phloem protein-coding* gene; DR *disease resistance* gene; T, *TMV resistance* gene; D, 'Désirée'; S, 'S440'.](pone.0224534.g004){#pone.0224534.g004}

Twenty to forty 'Désirée' leaves per construct were transformed and 80--100 plants regenerated and rooted on selective media indicating that the transformations were efficient. Twelve independent putative transgenic plants (i.e., plants regenerated from different leaves) derived from the transformation with P1-2 and P3-4 each, and 20, 24 and 30 plants from the transformation with *TMV2*, *TMV3* and *DisRes*, respectively, were isolated. To test for the presence of 'White Lady'-derived genes in the putative transgenic plants gene-specific primers were developed ([Table 1](#pone.0224534.t001){ref-type="table"} and [Fig 5](#pone.0224534.g005){ref-type="fig"}). DNA was isolated from *in vitro* grown P1-2, P3-4, DR and T3 plants and the gene-specific primers were used for PCR amplification of *NLR* fragments ([S11 Fig](#pone.0224534.s012){ref-type="supplementary-material"}). In this way, 10 P1-2, 12 P3-4, 27 DR and 18 T3 lines were selected. In the case of *TMV2* no primer pair distinguishing between the corresponding 'White Lady' and 'Désirée' gene could be identified. Nevertheless, with a primer pair designed for *TMV2* cDNA ([Table 1](#pone.0224534.t001){ref-type="table"}) a difference in expression level of the gene was detected ([Fig 6](#pone.0224534.g006){ref-type="fig"}). Thus in the case of T2 lines, RNA was isolated from the leaves, and RT-PCR was used to identify the 17 'Désirée' transgenic lines expressing *TMV2*. Attempts were made to detect the expression of the other transgenes as well, however, due to the high level of homology between the exons of White Lady and other cultivars ([S6](#pone.0224534.s007){ref-type="supplementary-material"} and [S7](#pone.0224534.s008){ref-type="supplementary-material"} Figs) no White Lady-specific primers for the *phloem protein-like* and *DisRes* transcripts could be designed, while in the case of *TMV3* the level of expression was very low even in 'White Lady'.

![*NLR*-specific markers tightly linked to the *Ry*~*sto*~ gene as detected on agarose gel.\
WL, 'White Lady'; D, 'Désirée'; S, 'S440'. Two different isolates of D and WL genomic DNA were tested. PCR fragments were generated from genomic DNA with the primer pairs presented in [Table 1](#pone.0224534.t001){ref-type="table"}.](pone.0224534.g005){#pone.0224534.g005}
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###### *NLR* gene-specific markers of the *Ry*~*sto*~ locus.

![](pone.0224534.t001){#pone.0224534.t001g}

  Names                        Primers (5'→3')             Types    Cycling conditions[\*](#t001fn001){ref-type="table-fn"}
  ---------------------------- --------------------------- -------- ---------------------------------------------------------
  Phloem1.spec                 `CTTATCCAGACGAGGTCAA`       PCR      \[95 °C 30", 51 °C 30", 72 °C 1'\] x 34
  `CAAATGCATCCCTCCATCTT`                                            
  Phloem4.spec                 `TGCATCGTCAAAATGGTGTT`      PCR      \[95 °C 30", 50 °C 30", 72 °C 1'40"\] x 36
  `TGTGCCTTTTATGTTTTCCT`                                            
  DisRes.spec                  `ACGCGCAAGAAGGACGTGTGT`     PCR      \[95 °C 30", 63 °C 30", 72 °C 1'\] x 34
  `AGCTCAACGCGAGGACACCAT`                                           
  TMV3.spec                    `GCTTCCACTTACATCCAACTTTC`   PCR      \[95 °C 30", 56 °C 30", 72 °C 1'\] x 34
  `ACAGCTCGCTATGCTTTGTTT`                                           
  TMV2.spec                    `GATGTCAAGGACGATAAACCTG`    RT-PCR   \[95 °C 30", 54 °C 30", 72 °C 1'40"\] x 36
  `TAAGAGAAATGGGAGAAAATGTCA`                                        

\*An initial denaturation of 5' at 95°C and a final extended elongation period of 10' at 72°C were used in each case. Termination of the reaction was achieved by chilling the mixture to 4°C.

To test the virus sensitivity of the transgenic plants the selected lines were propagated *in vitro*, planted in pots and inoculated with PVY^NTN^ under greenhouse conditions. Unfortunately, none of the transgenic 'Désirée' lines proved to be virus resistant in repeated experiments. The example of a few TMV2 transgenic lines is shown in [Fig 6](#pone.0224534.g006){ref-type="fig"}.

![Detection of *TMV2* expression and PVY^NTN^ in 'Désirée' plants transformed with the T2 construct.\
RNA was isolated from the upper leaves of plants three weeks after viral infection of bottom leaves. RT-PCR fragments were generated with *TMV2*- and *PVY coat protein* gene-specific primers and separated on agarose gels. Lines 1, 3 and 4 were considered positive, while line 2 was considered negative for the expression of the transgene. Symbols: WL, 'White Lady'; D, 'Désirée'.](pone.0224534.g006){#pone.0224534.g006}

An attempt was made to introduce *TMV2* and *TMV3* not only into 'Désirée' but also into 'S440'. Nevertheless, leaf transformation using the same method used for 'Désirée' failed for 'S440'. Therefore, sterile 'S440' microtubers were obtained from *in vitro* plants and transformed with T2 and T3 constructs. Seventeen T2 and three T3 transgenic lines were isolated and subjected to virus testing, but no significant resistance to PVY^NTN^ was observed.

Discussion {#sec016}
==========

The *Ry*~*sto*~ gene from *S*. *stoloniferum* was originally introgressed into the widely used breeding clone MPI 61.303/34. *Ry*~*sto*~-based virus resistance has proven quite durable and is used in breeding programmes throughout the world. For example, this gene provides resistance against several viruses in the cultivars 'Bzura', 'Forelle', 'Pirola', and 'White Lady' \[[@pone.0224534.ref043]\], the last of which is the object of this study.

Our result supported the previous finding \[[@pone.0224534.ref016]\] that the *Ry*~*sto*~ gene in 'White Lady' is located on chromosome XII and linked to STM0003 and YES3-3A, the markers widely used for marker-assisted selection in breeding programmes \[[@pone.0224534.ref044],[@pone.0224534.ref045]\]. Because *Ry-f*~*sto*~ mapped by Flis et al. \[[@pone.0224534.ref014]\] and Song et al. \[[@pone.0224534.ref015]\] is also linked to STM0003 and YES3-3A, there is a possibility that the *Ry*~*sto*~ gene in 'White Lady' and *Ry-f*~*sto*~ have the same source.

In addition to the abovementioned publications, some other studies also supported the location of *Ry*~*sto*~ on the distal end of chromosome XII \[[@pone.0224534.ref021],[@pone.0224534.ref046],[@pone.0224534.ref047]\]. To the best of our knowledge, however, the genetic map presented in [Fig 2](#pone.0224534.g002){ref-type="fig"} is the most detailed map of the *Ry*~*sto*~ locus published so far. Sequencing the PCR fragments of 'White Lady' generated by ST1 and YES3-3A primers identified two supercontigs as a putative region surrounding *Ry*~*sto*~ and resulted in the isolation of a new marker, SGN-U256066, located between STM0003 and YES3-3A. Combining the genetic map with genomic sequence data of the *S*. *tuberosum* Group Phureja, the size of the *Ry*~*sto*~ locus was narrowed down to approximately 1 Mb. BAC clones of 'White Lady' overlapping the *Ry*~*sto*~ locus were isolated by chromosome walking. Markers 1.365, 1.156, 1.110 and 1.109 were designed to the BAC clone ends and used in walking. For the identification of two additional markers, Sec15 and DisRes, the intron targeting (IT) method was applied. This method is based on the observation that intron sequences are generally less conserved than exons, and they display polymorphism due to length and/or nucleotide variation in their alleles. Effective strategies for exploiting this information and generating IT markers have already been developed and successfully applied for many plant species, including potato \[[@pone.0224534.ref031],[@pone.0224534.ref048]\].

By annotating the *Ry*~*sto*~ locus sequence, one putative *CC-type* and seven *TIR-type NLR* genes were identified, of which five appeared to encode full-length proteins. A genome-wide genetic mapping of *NLR* disease resistance loci in the diploid potato clone RH89-039-16 (*S*. *tuberosum* ssp. *tuberosum*) resulted in the detection of 738 partial- and full-length resistance gene homologues \[[@pone.0224534.ref046]\]. A very similar result was obtained by resistance gene enrichment sequencing (RenSeq), which detected 755 *NLR*s in the sequenced *S*. *tuberosum* genome \[[@pone.0224534.ref049]\]. Nevertheless, the function of most of these genes is unknown. In our case, however, the *CC-type NLR* was similar to *RPP8*, a gene of *Arabidopsis thaliana* providing resistance to *Peronospora parasitica* \[[@pone.0224534.ref050]\]. In addition, three genes encoding full-length proteins similar to phloem protein A5-like were identified. It was shown earlier that many phloem proteins have roles in wound and defence responses \[[@pone.0224534.ref051]\]. Two genes encoding full-length proteins were similar to TMV resistance proteins in tobacco \[[@pone.0224534.ref052]\] and Y-1 characterising an ER with *S*. *andigena* origin in potato \[[@pone.0224534.ref017]\]. One of these genes, *TMV2*, showed 95% identity with the recently isolated *Ry*~*sto*~ gene of the dihalpoid clone dH 'Alicja' at genomic DNA sequence level \[[@pone.0224534.ref042]\].

Implication of the *CC-type NLR* gene *DisRes* and the five *TIR-type NLR* genes, *Phloem 1*, *2*, *4* and *TMV2*, *3*, in ER was tested by introducing the genes into the PVY-sensitive potato cultivar 'Désirée' and expressing the genes using their own putative promoter. The presence of the *NLR* genes derived from 'White Lady' was demonstrated in transgenic lines selected for virus resistance testing; however, the expression of *TMV2* only could be tested in transgenic plants due to the absence of *phloem protein-like* and *DisRes* cDNA-specific primers and the very low level of expression of *TMV3* in 'White Lady'. None of the transgenic lines, however, became PVY^NTN^ resistant. A similar result was obtained by \[[@pone.0224534.ref017]\] while testing *Y-1*, the gene that co-segregated with the ER gene *Ry*~*adg*~. The transgenic potato plants of line v2-134 expressing *Y-1* under the control of *CaMV-35S* promoter developed necrotic lesions upon infection with PVY°, but no significant resistance was observed, and plants were systemically infected with the virus. Thus, it was hypothesised that the function of Y-1 is merely to cause a PVY-specific cell death response.

In contrast, introduction and expression of a *TIR-NLR* gene derived from 'Alicja' and mapped to the same 58-59-Mbp region of chromosome XII as the *TIR-NLR* genes we identified transferred ER to two sensitive potato cultivars, 'Russet Burbank' and 'Maris Piper'. This gene, which was identified as *Ry*~*sto*~ in 'Alicja' \[[@pone.0224534.ref042]\], is 95% identical with *TMV2* in 'White Lady' at genomic sequence level. Even the primer pair used to clone *Ry*~*sto*~ from 'Alicja' may be suitable for cloning *TMV2* from 'White Lady' ([S10 Fig](#pone.0224534.s011){ref-type="supplementary-material"}). Therefore, it is highly probable that *TMV2* is the *Ry*~*sto*~ gene in 'White Lady'. Nevertheless, expression of *TMV2* did not confer ER neither to transgenic 'Désirée' nor to 'S440' lines. One of the explanations might be the high frequency of chimera formation generated by *Agrobacterium*-mediated transformation and regeneration from calluses \[[@pone.0224534.ref053]\]. Since a slightly different transformation technique was used by Grech-Baran et al. \[[@pone.0224534.ref042]\] and us, and the frequency of chimera formation may be different in various potato cultivars, these factors could result in a difference in the frequency of chimera formation. Since chimeras have untransformed cells the viruses could spread and multiply in these cells masking the resistant phenotype of the transgenic cells when testing the plants for the presence of the virus by RT-PCR. It should be noted, however, that based on DNA sequence analysis there is a gap between the BAC clones 156F6 and 626B1 in our map. Thus, the presence of a functional gene corresponding to *Ry*~*sto*~ and located in the uncovered region cannot be excluded either.

Marker-assisted selection (MAS) has already been routinely employed in crop breeding programmes to accelerate cultivar development. With selection for virus resistance in the juvenile phase and parental selection prior to crossing, breeding time and costs can be reduced. In this work, we discovered five new markers very tightly linked to *Ry*~*sto*~, which showed polymorphism between the *Ry*~*sto*~ bearing potato cv. 'White Lady' and the virus sensitive 'Désirée' and 'S440' (Figs [5](#pone.0224534.g005){ref-type="fig"} and [6](#pone.0224534.g006){ref-type="fig"}). In addition to the markers identified earlier, these markers can serve potato breeding efforts for extreme virus resistance.
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